Influence of the solar cycle on temperature structure is examined using radio occultation measurements by COSMIC/FORMASAT-3 satellite. Observations from January 2007 to December 2015 comprising 3,764,728 occultations, which are uniformly spread over land and sea, have been used to study temperature changes mainly in the troposphere along with the solar cycle over 60°N-60°S geographic latitudes. It was a challenging task to identify the height at which the solar cycle signal could be observed in temperature perturbations as different atmospheric processes contribute towards temperature variability. Using a high spatial resolution dataset from COSMIC we are able to detect solar cycle signal in the zonal mean temperature profiles near surface at 2 km and upward. A consistent rise in the interannual variation of temperature was observed along with the solar cycle. The change in the temperature structure showed a latitudinal variation from southern to northern hemisphere over the period 2007-2015 with a significant positive influence of sunspot numbers in the solar cycle. It can be concluded that the solar cycle induces changes in temperature by as much as 1.5°C. However, solar cycle signal in the stratospheric region could not be identified as the region is dominated by large-scale dynamical motions like quasi-biennial oscillation which suppress the influence of solar signal on temperature perturbations due to its quasi-periodic nature.
TEMPERATURE of the earth's atmosphere is the most important property controlling its structure. In recent years there has been growing interest to understand variability in the temperature structure due to increase in greenhouse gases (GHGs). Solar radiations are the primary forcing of earth's climate. To understand the climate system one needs to have a better understanding of the climate response to this unique solar forcing. Efforts have been made to reconstruct historical spectral solar irradiance to model the climate response to solar variations [1] [2] [3] . Studies using independent space-based solar radio meters universally agree that solar irradiance is higher when the Sun is more active, as indicated by an elevated number of sunspots on its surface. Total solar irradiance increased by 0.1% from solar minima to solar maxima 4 . There is also a more substantial change in the ultraviolet (UV) portion of the solar spectrum from minima to maxima, with direct impact primarily observed above ~10 km (ref. 4 ).
An overall warming trend is observed in the climate of the last two decades. Confounding expectations of a monotonically warming globe, the average warming rate from 2000 to 2008 subsided by almost an order of magnitude and temperatures in 2008 were cooler than those in 2002. These varying trends in global temperature arise in part from the influences of solar irradiance and other natural processes. Difference in solar heating rate between minima and maxima of solar cycle is responsible for the natural change in temperature 5 . In the past there have been several studies on the variation of temperature from solar minimum to maximum. Keckhut et al. 6 reported variation in temperature from solar maxima to minima. They showed that at tropical and subtropical latitudes temperature increased by 2°C just below the stratopause region at ~40 km height, whereas at mid-latitudes the signal showed negative response over the region at height 25-50 km with a maximum of 3°C. Hood 7 showed some interesting differences from the results of the Keckhut et al. 6 . He found that maximum positive signal over the tropics had greater amplitude (>2°C) and was situated higher in the atmosphere (~50 km), while at mid-latitudes the signal was reduced but still positive, in contrast to the results of Keckhut et al. 6 . However, other studies compared the results from different models during the 11-year solar cycle 8, 9 . Randel et al. 10 reported a statistically significant signal in the tropics (~30°N-30°S), with an amplitude (solar maximum minus solar minimum) of ~0.5°C (lower stratosphere) to ~1°C (upper stratosphere).
The above-mentioned studies were based on the observation of temperature difference from solar minima to maxima and were mainly confined to the stratospheric region. Also, the studies did not show continuous variation of temperature structure from solar minima to maxima period; only the differences between these two periods have been shown in the past. The present study shows variations in each year and consistent temperature changes from solar minima to maxima during 24-solar cycle (covering the period from 2008 to 2015) over a large latitudinal range (60°N-60°S) in the troposphere.
Also the related studies in the past used various models, i.e. NCEP re-analysis data, ground-based measurement techniques, rocketsonde, radiosonde data and different satellite (SSU/MSU) data. Rocketsonde data are available for the period 1960 to mid-1990, and depend on the station site. The most suitable sites for 11-year solar cycle analysis are mostly concentrated in the tropics and subtropics, covering few northern middle latitudes 6, 11, 12 . Radiosonde measurements cover almost five decades, but are concentrated over the continental regions in the northern hemisphere. Unlike radiosonde, satellite measurements provide information over land and over sea at a fine spatial-temporal resolution. MSU satellite data are influenced by instrument and orbit changes, calibration problems, instrument drifts and insufficient vertical resolution 13 . On a fine temporal and spatial scale, Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC)/Formosa Satellite Mission (COSMIC/ FORMOSAT-3, hereafter COSMIC) satellite provides an excellent data which are used in this study. We selected the 24-solar cycle as data from COSMIC is available only from 2007 onwards.
Data used
Global Positioning System Radio Occultation (GPS-RO) provides global atmospheric profiling under all weather conditions. This technique is not affected by clouds, aerosols or precipitation. RO data are superior to traditional data sources (NCEP and ECMWF) in high southern latitude, tropical tropopause region 14 . In RO technique, satellite moves in the low-earth orbit (LEO) to collect the GPS signal. During occultation, receivers in LEO set or rise behind the earth's limb; hence the signal has to pass through the earth's atmosphere, which induces extra delay from GPS to LEO receiver. The vertical profiles of bending angle α and refractivity are reconstructed from this delay in signal from which neutral atmospheric density, pressure, temperature, moisture profiles and ionospheric electron density can be retrieved. The atmospheric refractivity N is a function of pressure P (hPa), temperature T (K) and water vapour pressure P w (hPa) in the netural atmosphere through the relationship 15 5 W 2 77.6 3.73 × 10 , P P N T T
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Hajj et al. 16 have presented a more detailed description on atmospheric sounding by GPS occultation.
The quality of RO soundings is very high in the upper troposphere and lower stratosphere. RO technology offers great potential for numerical weather forecasts, space weather monitoring and climate change detection 13, 15, 17, 18 . COSMIC RO mission is a collaborative project of the National Space Organization (NSPO) in Taiwan and the University Corporation for Atmospheric Research (UCAR) in the United States. The six micro satellites were launched into a circular, 72° inclination orbit, at an altitude of 800 km to form a constellation of satellites providing over 2500 occultation events per day covering the entire globe. Therefore, much-improved spatial coverage is now available from the COSMIC mission compared to the CHAMP and SAC-C missions (as ~150-200 occultations/per day, only on receiver), where the spatial coverage is still relatively coarse 19 . The vertical resolution of COSMIC-RO profiles varies from ~100-200 m (lower troposphere) to ~1.4 km (stratosphere), having a wide spatial coverage with high accuracy (average accuracy ~0.1 K) [20] [21] [22] . COSMIC data have been validated with tradition data sources such as NCEP, JRA-25 and UK Met Office 23 . Figure 1 represents the COSMIC zonal mean occultation feature for the year 2007 over 60°N-60°S. COSMIC level-2 wet profiles of temperature are used in this study from January 2007 to December 2015 (available at www.cosmic.ucar.edu). These data profiles are interpolated at 100 m height interval. Table 1 shows the number of occultations derived from COSMIC between 60°N and 60°S over the period 2007-2015. effective changes in temperature during solar maxima year in comparison to solar minima year from lower troposphere to 40 km altitude. Positive values show effective rise in temperature, whereas negative values represent a cooling region especially between altitudes 18 and 25 km as well as above 30 km. In the entire troposphere, there is a warming signal during solar maxima. The right panel in Figure 2 highlights the troposphere and lower stratosphere (1-20 km), with expanded x-axis to show clearly the rise in temperature during the solar maxima period. All profiles in the broad latitude range showed similar vertical behaviour. Maximum rise of ~2.0°C in temperature was noted near 2 km in the lower troposphere (~ atmospheric boundary layer) and near 8 km altitude regions. In the lower troposphere below 5 km, latitude range of 5°N-5°S experienced slight rise in temperature in comparison to other latitude ranges and a continuous increase in the temperature was observed from equatorial (5°N-5°S) to tropical region (30°N-30°S). Reverse scenario was observed in the upper tropospheric region (7.5-17.5 km). Vertical temperature profiles in the latitude range 5°N-5°S experienced the largest influence of solar maxima period, and the magnitude of difference in temperature vertically was greater than the temperature profile shown over 30°N-30°S. Hence in the lower troposphere (below 5 km), warming due to solar signal seems to dominate as we cover profiles from equatorial to tropical region, whereas in the upper troposphere (above 7.5 km) the equatorial region is influenced to a greater extent by the solar signal. The 5-7.5 km tropospheric region is identified as a transition zone above which warming dominates in the equatorial region and below it dominates in the tropical region. Thus, we have observed that the influence of solar maximum over solar minimum is reflected by the rise in temperature vertically in the entire troposphere. In the lower tropospheric region below 5 km, minimum influence is seen over 5°N-5°S latitude range, which is considered a relatively cloud-free zone.
Results and discussion
We have shown in a recent study that there is a strong connection of seasonal solar influence over wide tropical region through diabatic heating, which eventually controls the lower troposphere to upper tropospheric region 22 . Though this connection has large longitudinal difference, zonally averaged features do reflect stronger solar influence a little away from the equator. As it is well known that solar influence (flux) increases from solar minima to solar maxima period, there is a 11-year solar cycle in which the Sun passes via minima to maxima at this time interval. During solar maxima, deep convective heating in the troposphere is larger in comparison to solar minima; hence the atmosphere shows a response through variation in temperature. Studies have clearly shown that there is a strong convective heating near 10-15° in both the hemispheres 22, 24 . Latitudinal spread of temperature with time also reflects that rise in temperature and strong connection between lower and upper troposphere are more confined over the wider tropical belt in comparison to the equatorial region. Therefore, during solar maxima atmosphere temperature is slightly larger in the troposphere in comparison to solar minima period.
Interestingly, a clear wave fluctuation in temperature pattern can be seen above the tropopause region from 17 to 40 km (Figure 2 ). There is a warming signal of the order 1°C in altitude range 17-25 km and 32-40 km, and cooling can be seen in the region of height 25-30 km. If these patterns are related with the solar cycle then there should be a continuous rise in the magnitudes of these patterns as we move from minima to maxima period (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . To identify whether this signal is related to the solar signal or not, we separated the mean tempera- (30°N-30°S) . These periodic features of temperature deviation in the stratospheric region highlight the role of dynamical characteristics that can suppress the effect of solar signal. Temperature in the equatorial region (10°N-10°S) starting from the middle stratosphere to the tropopause region is strongly influenced by quasi-biennial oscillation (QBO). QBO can produce warming (cooling) of the order of 3-4°C corresponding to westerly (easterly) phase 25, 26 . Temperature of the stratospheric region at some specific heights may be altered by 6-8°C from westerly to easterly phase. The impact of QBO can be seen in the entire tropical belt (30°N-30°S) ; however, it dominates at the equatorial region (see figure 3 of Kumar et al. 25 ). Strong QBO signal can suppress features of the solar cycle from tropopause to stratospheric region. Thus QBO is a key which is responsible for non-consistency in mean temperature profiles in the stratospheric region.
Marsh and Svensmark 27 have argued that low cloud properties are changed due to solar cycle irradiance through varying galactic cosmic rays. They have also mentioned that surprisingly, the influence of solar variability was strongest in low clouds (≤3 km), which points to a microphysical mechanism involving aerosol formation that is enhanced by ionization due to cosmic rays. Peak rise in temperature near 2 km altitude in Figure 2 appears to be correlated with their findings of maximum influence of solar irradiance on low clouds. However, wave pattern in mean temperature profiles just above the tropical tropopause seems to be related with QBO. The rise in temperature is in accord with the radiative balance in the presence of maximum solar variability near the top of the tropopause layer. In the middle stratosphere, warming signals in the specific regions (40 to 50 km altitudes) as a consequence of solar maxima period were reported in the earlier studies as well 6, 7, 10 . However, we have identified specific regions where cooling is more pronounced in the lower stratosphere. It is not clear whether the entire stratosphere shows warming signal. As our data are limited up to 40 km altitude, the present results are not consistent with those of earlier studies using rocket and lidar measurements 6, 7 . Latitudinal distribution of the differences of solar maxima from solar minima periods requires in depth examination in order to check consistency of warming signals at all the latitudes, specifically from tropics to middle latitudes. It is complex to present latitudinal characteristic changes in the vertical direction; hence we have examined some specific altitudes (1.5 and 8.5 km) at which solar signal dominates in temperature perturbation.
Latitudinal variation in tropospheric temperature along the solar cycle
As discussed above, the solar cycle signal in temperature perturbation dominates at 1.5 and 8.5 km. Therefore, changes in the temperature structure at 1.5 km along with 24-solar cycle are studied at each 5° lat. band in the lat. range 60°N-60°S from 2007 to 2015. The top panel in Figure 3 shows monthly variation of sunspot number from January 2007 to December 2015. To identify the solar cycle effect, the temperature anomalies are computed between 60°N and 60°S, and shown in middle panel of A substantial increase in sunspot numbers from 50 to 100 can be seen during 2012 to the end of 2015; this variation is not continuous but has had fluctuations. The years 2014 and 2015 show maximum sunspot numbers. A strong warming in the temperature can be observed during these years only, which is larger than other years and is of order ~2-3°C. This warming is observable at all the latitude ranges. Some localized features of warming can be seen from SH to the northern hemisphere. The warming dominated in the mid-latitude range on both sides of the equator. This localized feature may be due to the different locations of sunspot numbers and their influence on the Earth's surface. Period of maximum sunspot numbers has shown strong influence in the mid-latitude regions on the Earth's surface, which is responsible for greater warming in these latitudes during the solar maxima period.
We have extended our results to the entire latitude range (90°N-90°S; bottom panel, Figure 3 ). In the higher latitude region beyond 60° of both hemispheres, the solar signal is not observable. The low sunspot number influences this part of the globe. In addition, these regions are mainly dominated by several local atmospheric activities like sudden stratospheric warming, which changes the temperature by tens of degrees, thus the solar cycle signal is not observable in high-latitude regions.
We have shown that the solar signal mainly dominates at 1.5 and 8.5 km. Annexure 2 shows the temperature structure over 60°N-60°S latitude range at 8.5 km height. Note that colour bar legends at 8.5 km is different from those at 1.5 km, and maximum variation of temperature is -1.5°C to 1.5°C. The latitudinal structure at 8. 
Concluding remarks
From COSMIC RO measurements we were able to detect solar cycle signal in temperature structure in the entire troposphere, which was maximum at specific altitudes such as 1.5 and 8 km. Maximum rise of 1.5°C in temperature was observed along the solar cycle spanning from solar minima to solar maxima. In this study, we have shown the continuous change in temperature from solar minima to maxima with a clear latitudinal distribution of solar cycle influence on temperature. Larger deep convective heating occurs in the troposphere during the solar maxima period in all seasons in comparison to those in solar minima, which is considered to be one of the causes for this slight rise in temperature. Middle latitudes experience more positive influence of solar sunspot numbers. Previous studies focused on the stratospheric region with limited data 6, 10 . COSMIC data have provided a unique opportunity to reveal the most complex signal to be identified in the troposphere, which is full of convective activities and motions on a small scale (few hours) to a larger scale (several months and years), both in time and space. These results demonstrated the potential of the COSMIC mission.
